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In this work, surface modification at an atomic level, coupled with CO as molecular probe, was
applied to study the step-site reactivity of platinum single crystals. Stepped platinum single crystal
electrodes with (111) terraces and step sites of different symmetry were modified by irreversible
adsorption of Bi and Te adatoms selectively deposited on steps, and characterized in 0.1 M
HClO4 solution. CO charge-displacement and oxidative stripping were employed to investigate the
reactivity changes before and after modification of the electrode surfaces. The values of potential
of zero total charge (pztc) determined from CO displacement experiments were found to shift
positively on all decorated electrodes. The CO oxidation peaks also shifted to higher potential
once the step sites were blocked by the adatoms, indicating a catalytic effect of the step sites for
this reaction. The CO coverage values on the step sites were determined by comparing the
stripping charges and the change in the hydrogen de/adsorption charge, using the pztc’s for
double layer correction. The CO coverage was determined to be ca. 0.7 for (110) step sites while
only 0.4 for (100) step sites, which suggests a different bond of CO adsorbed on the different step
sites. This was confirmed by in situ infrared reflection–absorption spectroscopy (IRAS) studies,
showing that the (110) step sites are dominated by atop CO while bridged bonded CO are
prevalent on (100) step sites. The comparison of CO stripping and hydrogen adsorption charges
before and after adatom modification allows the separation of step and terrace contributions to
the overall CO coverage.
1. Introduction
Platinum single crystals have been extensively studied in
electrochemistry since Clavilier and coworkers published a
reliable and convenient protocol to clean these surfaces in
the 1980s.1,2 The single crystal electrodes provide much valuable
information regarding the effects of surface atomic structure
on electrocatalytic reaction mechanisms and thus serve as a
model catalyst for practical applications such as those of
PEMFC and direct small organic molecule fuel cells.3–12
Numerous studies show that step/defect sites play an important
role in electrocatalytic reactions.
CO may be considered as one of the most studied molecules
in Surface Electrochemistry so far, because it is a catalyst
poison by itself and it is also the intermediate arising from the
dissociative adsorption of small organic molecules used in fuel
cells.13,14 Interestingly, its strong adsorption on platinum
enables to use CO as a surface cleaner.15 In fundamental
studies it can be used as a molecular probe to interrogate the
electrochemical properties dependent on the surface structure
heterogeneity.16,17 The CO charge-displacement has been
successfully employed to estimate the potential of zero total
charge (pztc) of various surface structures and different material
metal electrodes.18–24 With this method the step density
dependence of the pztc on Pt(111) vicinal surfaces has been
determined for Pt(s)[(n  1)(111)  (110)] electrodes,20,21
where the pztc values decrease linearly with the (110) step
density for n Z 5. Similar, albeit smaller, effects were found
for (100) steps on Pt(s)[n(111)  (100)] electrodes.21 After
some reasonable assumptions, the potentials of zero free
charge (pzfc’s) can be inferred from the pztc’s in some
particular cases.18,21,25 Thus some intrinsic relations between
pzfc and the work function (F), dealing with interfacial
modeling have been revealed.
Irreversibly adsorbed adatoms on well defined single
crystal surfaces have been widely used to modify the surface
composition and its electronic structure and thus to improve
the reactivity of metal materials or the selectivity for a
particular reaction.26–29 One of the interesting applications
of irreversibly adsorbed adatoms is their use as in situ probe
to measure the amount of surface active sites.30 It was reported
recently that some adatoms are able to decorate the step
sites while leaving the terrace sites unblocked.31 Based on this
result the effect of bismuth decoration of the Pt(s)[(n  1)
(111)  (110)] step sites, without blocking the terraces, was
investigated, and a positive shift of the pztc was observed.32
These results give key information to better understand the
effect of steps on the electronic properties of well defined single
crystals.
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The present work was carried out based on the previous
background and with the aim to identify the particular reactivity
of the monoatomic step sites separating (111) terraces. To achieve
this, the behaviour of stepped surfaces of different terrace length
and step symmetry has been studied. The oxidation of adsorbed
CO was used as probe reaction on these surfaces, either clean or
step decorated by irreversibly adsorbed Bi and Te. The overall
CO charges were corrected from double layer contribution after
determination of the corresponding pztc’s. Subtraction of CO
charge densities in absence or presence of the adatoms allows to
eliminate the terraces contribution and thus estimate the
contribution from the steps. Electrochemical in situ IRAS
measurements were employed to monitor the adsorption of CO
bonded with the different surface step sites and validate the results
obtained from charge density measurements.
2. Experimental
Hemispherical platinum single crystal electrodes, geometric
area ca. 3–4 mm2, were prepared from single crystal beads
obtained by melting 0.5 mm diameter platinum wires
(99.99%). The facets present on the beads were used to select
the desired orientation within 3 min arc. The electrodes were
fixed, cut and polished successively according to Clavilier’s
method.33 Two types of crystals with (111) vicinal terrace sites
and different step sites were used in this study. Pt(554) and
Pt(221) with 9 and 3 atom-wide terrace, respectively, both possess
(110) step sites. Pt(544) and Pt(533) have the same terrace
symmetry with 9 and 4 atom width, respectively, while possessing
(100) step sites. Prior to each experiment the electrodes were
flame annealed and cooled down to room temperature in a
H2+Ar atmosphere.
34 After flame annealing, the single-crystal
electrodes were quenched with water in equilibrium with this
mixture of gases and then transferred to the cell under the
protection of a droplet of deoxygenated water.
The experiments were carried out in two conventional three
electrode glass cells: one is for the deposition of adatoms and
the other one, with an additional inlet for dosing CO, was used
for electrochemical characterization, CO displacement and
CO oxidation. The procedure for the selective deposition of
adatoms on step sites of the Pt single crystal surfaces has also
been described elsewhere.31 After recording the characteristic
voltammogram of the platinum single crystal in the cell
containing 0.1 M HClO4 solution to confirm the cleanliness
and order of the surface, the electrode was moved to the other
cell containing 106–105 M of adatom salt (Bi2O3 or TeO2)
in 0.5 M H2SO4 solution, the deposition was carried out
by means of voltammetric cycling between 0.06 and 0.80 V
(for Bi) or 0.85 V (for Te) at 50 mV s1. The step decoration
can be easily monitored by the blockage of the characteristic
hydrogen de/adsorption peaks located around 0.12 V for (110)
step or 0.28 V for (100) step. Special attention was paid to
avoid the adatom depositing on the terrace. This can be easily
detected by observation of a new voltammetric peak at 0.62 V
overlapped with the characteristic anion adsorption contribution.
Once the step was completely blocked, the electrode was taken
out from the deposition solution, rinsed with ultra pure water
and immersed into the adatom free cell for further
characterization.
CO displacement experiments were also performed as
described elsewhere.35 After recording the initial voltammetric
profile, the potential was fixed at 0.1 V and a flow of CO was
introduced over the meniscus formed between the electrode
and the solution. The current transient originated during CO
adsorption was recorded simultaneously, until the displacement
current dropped to zero. The displacement charge can be
achieved from the integration of the current–time curve.
Particular care was taken to avoid the presence of atmospheric
oxygen in the vicinity of the meniscus, which is believed to be
the main cause of uncertainties in charge determination. After
CO dosing, Ar was bubbled through the solution for at least
8 min to remove the dissolved CO, while keeping the electrode
at 0.1 V in the bulk of the solution. Finally, the working
electrode was returned to the meniscus configuration and
the potential scanned to record the oxidative stripping of
adsorbed CO. Inefficient CO removal can be also a source of
error in the experiment, but can be controlled by comparing
the final and initial voltammetric profiles.
The electrochemical IRAS measurements were performed
with a Nicolet nexus 8700 FTIR spectrometer equipped with
a liquid nitrogen-cooled mercury cadmium telluride (MCT)
detector. The spectroelectrochemical cell36 was featured with a
prismatic CaF2 window beveled at 60
o. The single-beam
spectrum was co-added with 22 interferograms collected at a
spectral resolution of 8 cm1. The resulting spectra were
reported as absorbances according to A = log(R/R0), where
R and R0 are the reflectance corresponding to the single beam
spectra attained at the sample and reference potentials,
respectively. p polarized light was used in all spectra shown
in this study. The Pt hemispherical beads used for IRAS
experiments were around 4.5 mm in diameter, and were
prepared with the same methods as those used for electro-
chemical studies. Pt(443) and Pt(322) with 7 and 5 atom terrace
widths and (110) and (100) monoatomic steps, respectively, were
used in the IR study.
The cell and all glassware were immersed in a potassium
permanganate solution overnight, followed by rinsing with
water and a solution of hydrogen peroxide and sulfuric acid.
Finally, everything was boiled and rinsed with ultra-pure
water several times. A platinum wire was used as a counter
electrode and a reversible hydrogen electrode was used as a
reference. Working solutions were prepared from concentrated
HClO4, H2SO4 (Merck Suprapur), Bi2O3, TeO2 (Merck) and
ultrapure Elga-Vivendi water (18.2 MO cm). Argon (N50, Air
Liquide in all gas used) was used to deoxygenate all solutions
and CO (N47) to dose CO. All electrochemical experiments
were carried out using a waveform generator (EG&G PARC
175) together with a potentiostat (Amel 551 or eDAQ EA161)
and a digital recorder (eDAQ, ED401). All experiments were
performed at room temperature.
3. Results and discussion
3.1 Positive shift of pztc
The cyclic voltammograms of different Pt single crystal
electrodes in 0.1 M HClO4 solution with and without adatoms
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the voltammograms of different stepped Pt single crystal
electrodes used in this study can be classified into two types
according to the characteristic hydrogen de/adsorption peaks
in the low potential region. For Pt(554) and Pt(221), which
contain (110) steps, the hydrogen de/adsorption peaks locate
around 0.125 V, while the (100) step related peak appears
at 0.28 V for Pt(544) and Pt(533). These features are consistent
with the voltammograms reported previously.37–39 Integration
of the current under the peaks gives the step charge 29, 69, 30
and 64 mC cm2 for Pt(554), Pt(221), Pt(544) and Pt(533)
respectively, close to the corresponding theoretical values of
25.6, 69.4, 27.6 and 63.5 mC cm2 from the hard sphere
model.40 It has been shown that adatoms of elements more
electropositive than platinum are able to adsorb selectively on
the step sites on Pt(s)[(n  1)(111)  (110)] electrodes.31,32 As
shown in Fig. 1, the voltammograms of Pt(554) and Pt(221)
with steps decorated by Bi or Te show that the hydrogen
de/adsorption peaks on (110) steps disappear, in agreement
with previous studies. Similar results have been obtained
on Pt(s)[n(111)  (100)] electrodes, also proved by the dis-
appearance of the peaks near 0.28 V after Pt(544) and Pt (533)
were modified with Bi, which demonstrates that the adatoms
can also selectively decorate (100) step sites. This behavior has
been interpreted by means of a simple model in which the
partially charged adatom interacts with the dipole at the step
sites. The adatoms with lower work function than platinum
will preferentially adsorb at the bottom of step sites which is
the dipole negative charge center.31
The total charge vs. potential curves are also shown in
Fig. 1 and 2 referred to the right y-axis. These plots were
obtained by integrating the current density in the cyclic






dE  qdisðEÞ ð1Þ
where jv and v represent the voltammetric current density and
the scan rate, respectively, and E* is the potential of the CO
charge displacement experiment. The integration constant
Fig. 1 Comparison of CVs and total charge curves before and after
modification of (110) stepped Pt single crystal electrodes: (a), (b)
Pt(554) and (c) Pt(221), in 0.1 M HClO4; scan rate 50 mV s
1.
Fig. 2 Comparison of CVs and total charge curves before and after
modification of (100) stepped Pt single crystal electrodes: (a) Pt(544)
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qdis(E*) can be acquired from the displaced charge during CO
adsorption at the selected potential E* (0.10 V was applied in
this study). Once the total charge vs. potential curve is
obtained, the pztc can be gained from its interception with
the potential axis. The pztc values of Pt(554) and Pt(221)
are 0.262 and 0.208 V, respectively. These values are in
good agreement with the previously published in the same
solution,21 and show the same decrease trend with increasing
step density due to the so-called Smoluchowski effect.41 In the
case of Pt(544) and Pt(533) the pztc lies in a higher potential
region, namely 0.288 and 0.296 V, respectively, which are both
also in agreement with previously reported values.40 The
increase in pztc after the increase of the step density in this
case is opposite to what is expected from the Smoluchowski
effect and reflects a change in trend at high step densities, also
observed for the stepped surfaces with (110) step symmetry.
However, the step density where the trend is inverted is
significantly lower for the (100) step symmetry. This trend is
also observed in the voltammetric peak corresponding to
hydrogen de/adsorption on (100) steps that broadens and
shifts to higher potentials at high step densities. The current
and previous results demonstrate that both surface structure
and anion adsorption have great influence on the pztc.
Once the steps of different Pt single crystal electrodes were
modified with Bi, all the corresponding pztc values shift
positively to 0.287, 0.242, 0.312, and 0.316 V respectively for
Pt(554)–Bi, Pt(221)–Bi, Pt(544)–Bi and Pt(533)–Bi. For the
sake of comparison, the modification of Pt(554) steps with
Te has also been studied, which shows a positive shift of the
pztc to 0.284 V for Pt(554)–Te; this value is very close to that
of Pt(554)–Bi. This positive shift of the pztc after adatom
decoration of steps is in agreement with earlier studies.32 The
reason for this shift has been discussed by Attard et al.,42
in their study of N2O reduction as a probe reaction that
can easily provide local values of pztc of terrace and step
separately. From these local values of pztc the overall pztc
can be inferred if reasonable assumptions are taken for
the deconvolution of the different contributions to the
voltammetric pseudocapacity. It was found that the overall
pztc determined by N2O reduction is consistent with the pztc
determined by the CO charge displacement method and it
always lies between the local pztc of the terrace and the step.
Then, the effect of bismuth decoration of step sites is to quench
the charge associated to step sites resulting in a shift of the
overall pztc value towards the local value of the terrace. N2O
reduction also indicates the absence of electronic perturbation
on terrace sites that could be caused by the bismuth deposited
on steps, since the local pztc value of the terrace remains
unmodified. The absence of electronic effects of adatoms on
steps toward terrace sites is also confirmed by the in situ IRAS
studies shown below.
3.2 CO coverage
After a saturated adlayer of CO was formed on the electrode
surface and the remaining CO in solution was removed by
Ar bubbling, CO stripping was carried out. Fig. 3 and 4 show
the results (first two cycles) for the different electrodes, either
bare or bismuth modified. 50 mV s1 was used for Pt(554),
Pt(221) and their decorated electrodes while 20 mV s1
for Pt(544) and Pt(533) and their decorated electrodes. The
complete removal of dissolved CO is demonstrated by the
absence of further CO oxidation in the second cycle. It’s clear
that the electrode is well recovered when the CO is stripped off,
as evidenced by the recovery of the characteristic voltammogram
of the electrode immediately after the stripping. The stability
of the adatoms adsorbed on step sites is verified by the
comparison of the initial voltammetric profiles with those
recorded after the stripping of adsorbed CO. It is interesting
Fig. 3 Comparison of CO oxidation before and after modification
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to note that the CO stripping peak (Ep) on both types of
electrodes (with (110) steps and (100) steps respectively) shifted
negatively with increasing the step density, demonstrating the
active role of steps for CO oxidation. Moreover, when the step
sites of these electrodes were blocked with Bi or Te, the CO
oxidation current peaks all shifted positively as shown in the
Fig. 3 and 4, these results being coincident with the previous
study of CO stripping on Pt(s)[(n  1)(111)  (110)] electrodes
whose steps were decorated by Bi.32 The peak potential of CO
stripping on Pt(554)–Bi and Pt(554)–Te are similar, which
points out that Bi and Te adsorbed on the step sites have no
electronic effect over CO oxidation on the terraces and the
only effect of the adatoms is to quench the charge on the
steps. Moreover, the peak potential shifts negatively with
increasing step density also for Bi decorated electrodes on
both crystallographic zones. This indicates that CO oxidation
is somewhat affected by the length of the (111) terraces and
could be reflecting the fact that the local pztc of the terraces
decreases with increasing step density.43
It should be stressed that the shift of the CO oxidation peak
toward higher potential on the step decorated electrodes is
different to that observed on Pt(111) modified by irreversibly
adsorbed Bi and As.44–46 In this case the adatom catalyze CO
oxidation, that takes place at lower potentials. This was
considered as an example of bifunctional catalysis. The
difference with the present case is that Bi and As on (111)
terraces co-oxidize with CO and thus supply the oxygen
species required by CO oxidation. However, adatoms on the
step oxidize at much higher potential and therefore remain
at zero valence state during the potential excursion for CO
stripping.
The CO coverage is an important parameter because of
its close relation with its oxidation kinetics and the bonding
type between C terminal and Pt. This topic has been widely
discussed in many previous published articles employing
CO electrochemical stripping, STM microscopy and FTIR
spectroscopy in vacuum or electrochemical environments.
Under these conditions contradictory results have been
obtained.19,47–51 In electrochemical stripping, one of the
complex problems is how to correct the double layer charge
and the anion re-adsorbed during CO stripping. This difficulty
was solved with the knowledge of the pztc, which can be used
to accurately evaluate the charge of double layer and anion
re-adsorption.19 The net charge of CO oxidation (qCO) can be
determined by subtracting the integration of voltammetric
current in the first and second positive-going sweep between
the pztc and the upper potential limit used for CO stripping,
and the adsorbed H charge (qH) can be approached by
integrating the recovered voltammetric curve form the lower
potential limit to the pztc in the second cycle. Although the
hydrogen charge measured in this way includes a small double
layer contribution, this procedure avoids the use of arbitrary
double layer corrections and also eliminates a possible
contribution from anion adsorption on step sites. Three kinds
of CO coverage values i.e., CO coverage on the overall clean
Pt(hkl) surface (yCO), terrace (y
T
CO) and step (y
S
CO) can be













The CO coverage on the overall clean Pt(hkl) surface can be
obtained by normalizing the CO stripping charge to the atomic
density expressed in electrical units (qPt(hkl)). The charge of CO
(yTCO) and H (y
T
H) adsorbed on terraces can be acquired after
the single crystal steps were covered by adatoms. Moreover,
the oxidation charge of CO (ySCO) and H (y
S
CO) adsorbed on the
steps can be obtained by subtracting the CO stripping and H














H + (qH  qAdH ) (6)
where qAdCO and q
Ad
H represent the corrected CO stripping and
hydrogen adsorption charges, respectively on electrodes in
which the steps are adatom-decorated. This model to evaluate
the charge density on the steps explicitly assumes that the
amount of CO adsorbed on the terrace is the same irrespective
of the step decoration. The validity of this assumption is based
Fig. 4 Comparison of CO oxidation before and after modification
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on the consistency of the resulting values for CO step coverage,
irrespective of the chemical nature of the adatom used.
According to our experience, it is not possible to perfectly
block all step sites before adatoms start to adsorb on terrace
sites. This is especially more difficult for surfaces with shorter
terraces. Although the adatoms preferentially adsorb at steps,
it is inevitable to leave some step sites (edges) unblocked in
order to avoid adatoms growing on the terrace. As can be seen
in Fig. 1, a small peak related to H adsorption on (110) steps
can still be observed on all decorated electrodes, leading to
qSH on (110) step surfaces always lower than the theoretical
step charge (qst) calculated from the hard sphere model
(see Table 1). In the case of (100) stepped surfaces, besides
the decoration of (100) steps, the current at the lower potential
region, between 0.06 and 0.24 V, also partially decreases,
indicating the presence of some (110) defects, resulting in
higher values of qSH for (100) stepped surfaces as compared
with hard sphere values, qst. As a consequence, using qst
for calculating the CO coverage on step sites will produce
higher error. The H coverage values on (110) and (100) step
sites are both close to 1, while it is around 0.67 on the (111)
terraces.37–39 Therefore, the use of real qSH and q
T
H values,
determined from the hydrogen charge on the decorated
surface, will give a more precise estimation of the surface
atomic density of each kind of site. Thus, the CO coverage on
steps can be obtained through eqn (4). For CO coverage
on terrace sites for surfaces with lower step density, adsorption
of H can also be used as representative of Pt terrace sites, since
the charge of unblocked step sites is relatively small and
almost negligible in comparison to the total charge for terrace
sites. As shown in Table 1, the CO coverage on terraces
obtained by eqn (3) and by using the theoretical atomic density
of the terrace calculated from the hard sphere model are very
similar for Pt(554) but the difference is higher for Pt(221).
Table 1 summarizes the results obtained from these
two series of stepped surfaces with and without adatom
modification. It is evident that the results for Pt(554) are in
good agreement no matter the steps were decorated with Bi or
Te, confirming that the adatoms decorate step sites and show
negligible effects on the terraces. The total coverage of CO on
Pt(554) and Pt(221) are 0.64 and 0.72, respectively, which are
close to the values 0.60 and 0.68 given previously.20 The
coverage of CO on (100) stepped surfaces show lower values,
e.g. both 0.59 for Pt(544) and Pt(533). The CO coverage on the
terraces of all different surfaces except Pt(221) obtained by
eqn (4) are in good agreement, with a value of 0.62, which is
very close to the CO coverage (0.66) on the Pt(111) surface.20
The CO coverage on (110) step sites, determined by eqn (3),
for Pt(554) and Pt(221) electrodes lead to a similar value,
around 0.70, in spite of the different terrace length. However,
the CO coverage on (100) step sites of Pt(544) and Pt(533)
electrodes is much lower, around ca. 0.40. These results
illustrate that the (110) and (100) step sites show different
effects for CO adsorption. This will be discussed in the
following infrared experiments. In a previous study,20 0.55
and 0.9 have been inferred as the values of CO coverage
of (111) terraces and (110) steps. However, these values were
obtained by using the arbitrary hypothesis that the CO coverage
on (111) terraces is 0.55, obtained from the extrapolation of
the total CO coverage vs. step density of a series (110) stepped
surfaces, that deviates from the actual determination.
3.3 In situ IRAS studies
In order to further study the CO adsorption mode on the
different surfaces, in situ IRAS measurements were carried
out. The in situ IRAS interferograms were continuously
recorded as the potential was swept at 2 mV s1. Then, every
22 successive interferograms, corresponding to a time span
of 5 s and a potential range of 10 mV, were co-added into
a single-beam spectrum. In the following, the potential value
indicated for every spectrum is the mean value of this potential
range. The series of spectra were recorded from 0.1 to 0.8 V
and the last single-beam spectrum, at which CO had been
completely removed by electrooxidation, was taken as reference.
Fig. 5 compares the in situ IRAS spectra of CO adsorbed
at saturation at 0.1 V on the Pt(443), Pt(322) and their
corresponding Bi or Te step decorated surfaces in 0.1 M
HClO4. The spectra of Pt(443) and Pt(322) are similar to those
reported previously using the same electrodes52,53 or other
comparable surfaces (Pt(533)50,54 and Pt(755)).55 For the
surface with (110) steps, Pt(443), the spectrum exhibits two
typical bands with the stronger one located at a higher
frequency, around 2059 cm1. This band can be clearly
ascribed to the infrared absorption of linearly bonded CO
(COL) adsorbed on (111) terraces and (110) steps. However,
the assignment of the weak broad band at 1821 cm1 seems
not so unambiguous. It was formerly ascribed to the bridge
bonded CO (COB) on the (111) terraces due to the observation
that the multi-bonded CO (COM) band was systematically
replaced by COB as (111) terraces become progressively
narrower and finally disappears for Pt(331).52 Later, it was





















Pt(554) 0.262 0.727 294.0 163.6 0.64 30.9 22.5 25.6 0.69 0.60
Bi 0.287 0.751 263.1 141.1 0.62 0.64
Te 0.284 0.758 262.6 141.6 0.62 0.64 31.6 22.0 0.72 0.62
Pt(221) 0.208 0.702 315.8 170.2 0.72 68.4 50.1 69.4 0.68 0.49
Bi 0.242 0.728 247.4 120.1 0.69 0.89
Pt(544) 0.288 0.743 292.2 175.5 0.59 24.5 31.6 27.6 0.39 0.44
Bi 0.312 0.757 267.7 143.9 0.62 0.61
Pt(533) 0.296 0.724 301.1 198.6 0.59 56.3 68.6 63.5 0.41 0.44
































































This journal is c the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 11407–11416 11413
considered that a contribution of COM on (110) steps should
be also included, as evidenced by the presence of a low
frequency shoulder on the main band.53 The observation of
a band at ca. 1800 cm1 on Pt(443) when CO is only populating
step sites agrees with this suggestion.53 In the case of the
surface with (100) steps, Pt(322), two bands are also observed
on the spectra, the band at higher frequency (2052 cm1) being
again attributed to COL adsorbed on (111) terraces and (100)
steps, whereas the band located around 1868 cm1, which is a
frequency higher than that observed on Pt(443), was ascribed
to COB adsorbed on (100) steps and (111) terraces with the
former feature dominating the spectra due to the dipole–dipole
coupling and intensity stealing.49,52–56
It has been pointed out that, similarly to the Bi adatom step
decoration case, CO molecules adsorb preferentially on both
(100) and (110) steps, when it is present at a low coverage, as
evidenced by the changes in the cyclic voltammogram.47,53
From the infrared data at 0.1 V with low CO coverage,
although it was not explicitly stressed in this previous report,53
we can clearly see that the relative intensity of COL and the
so called COM is very different in Pt(443) and Pt(322) spectra,
i.e., COL band dominates the spectra from Pt(443) electrodes
while COM is prevalent in Pt(322) spectra (see Fig. 5 in ref. 53).
Further considering the previous studies,52 it was shown that
the intensities of COM band decreased and COL band
increased with increasing the (110) step density for Pt(s)
[(n  1)(111)  (110)] surfaces and also a third band between
those of COL and COM appeared in the spectra of Pt(s)
[n(111)  (100)] surfaces. This band is assigned to COB bound
to (100) step sites, coupled to the vibration of the corresponding
band of COB on (111) terraces, that should appear at lower
wavenumbers but that it is not visible due to dipole–dipole
coupling. The band due to COB displaced successively, and
finally completely, the COM band when the (100) step density
increases. On the basis of these observations, we may imagine
that CO adsorption mode on (100) and (110) steps is very
different. As we will show, this suggestion can be confirmed by
our following in situ IRAS studies of Bi or Te step decoration.
After Bi or Te step decoration, the spectra of Pt(443)–Bi and
Pt(443)–Te (see Fig. 5) at first sight look similar to that of
Pt(443) without modification. In contrast, the features of the
spectra change significantly in the case of Pt(322)–Bi and
Pt(322)–Te. Especially for the band at low frequency, the
intensity diminishes and shifts to lower frequencies. The
intensity (integration area) of the two bands on the different
surfaces is shown in Fig. 6a. Since the intensity of the IR bands
is influenced by the thin layer thickness and reflectivity, it is
not reasonable to directly compare the intensity from spectra
collected in different experiments. The diffusion of CO2 out of
the thin layer in our relatively small electrodes makes too
imprecise the use of this solution species as an internal
reference. In spite of that, the relative intensity of infrared
bands using the intersectional COB and COM band as criteria
is employed to discriminate the main variations of the surface
species leading to the IR bands before and after Bi or Te
modification. From Fig. 6b, it is clear that the ratio of the
absorbances of COL and (COB + COM) decrease slightly,
from 4.1 to 3.1, after Bi or Te modification of Pt(443). In
Fig. 6a the (COB + COM) band intensity for Pt(443) remains
almost constant but the intensity of the COL band clearly
decreases in the adatom decorated surfaces. Contrarily, the
Fig. 5 Comparison of in situ IRAS spectra of CO adsorbed at
saturation on Pt(443), Pt(322) and their Bi and Te step decorated
surfaces in 0.1 M HClO4 at 0.1 V.
Fig. 6 (a) Intensity of different infrared bands observed in Pt(443),
Pt(322) and their Bi and Te step decorated surfaces; (b) Relative
intensity of COL band to (COB + COM) band on the different
































































11414 Phys. Chem. Chem. Phys., 2010, 12, 11407–11416 This journal is c the Owner Societies 2010
ratio increases dramatically for Pt(322), from 1.6 to 4.2 for
Pt(322)–Bi and 3.3 for Pt(322)–Te. In this case, Fig. 6a shows
an almost constant COL band intensity and a considerable
decrease for the (COB + COM) adatom decorated bands as
compared to the Pt(322) unmodified electrode. Although the
intensity of IR bands may depend on other factors besides the
simply dependence on the population of the different species,
these results strongly suggest that the CO bond depends
strongly on the step type, i.e., the (110) steps seems to be
dominated by COL while (100) steps are dominated by COB.
This behavior is consistent with that of the corresponding
basal planes. For Pt(110) only a vibrational band due to CO
linear is observed while for Pt(100) both CO bridge and CO
ontop are observed, depending on the coverage and applied
potential, the bridge adsorption mode being favoured at low
coverage and low potentials.59 The different adsorption modes
concluded from the IR measurements of Fig. 7 agree with the
marked difference of CO coverage on the different type of
steps attained from CO stripping charges.
More information can be obtained from the series of spectra
recorded during CO adlayer oxidation within the linear
potential sweep at 2 mV s1. Fig. 7 shows the representative
spectra of Pt(322) and Pt(322)–Bi between 0.4 and 0.7 V.
Obviously, when the potential increases up to the onset of CO
oxidation, the CO will continuously oxidize in the positive-
going potential sweep and will result in a successive decrease of
CO coverage. During this process, significant changes can be
observed in the spectra of Pt(322) (Fig. 7a), because the
monopolar COL band splits into two clearly resolved features
at around 2064 and 2028 cm1. This feature is in agreement
with previous work on stepped surfaces,53 in which the CO
stripping was performed at intermediate CO coverage. Similar
results can also be seen from the infrared spectra of CO
adsorption on Pt(533) and Pt(755) with intermediate coverages
reported by Korzeniewski and co-workers.50,54,55 The two
contributions of the splitting COL band have been ascribed
to COL adsorbed on the (111) terraces (high frequency) and
(100) steps (low frequency), respectively. The faster decrease of
the band at higher frequencies has been taken as an indication
of a higher reactivity of CO on terraces while CO on (100)
steps stays unaffected in a wider potential range. After Bi
modification, it is interesting to remark that the low frequency
contribution of the split COL band almost disappears, remaining
as a small shoulder (see Fig. 7b), which indicates that most
COL adsorbed on (100) steps has been blocked. This obser-
vation supplies further evidence to that observed with cyclic
voltammetry (vide supra), e.g. that Bi adsorbs on the (100)
steps rather than on (111) terraces. In the case of Pt(443) as
shown in Fig. 8a, the spectra are coincident with those on a
similar surface, Pt(332), already reported.53 The splitting of
the COL band is not so pronounced as that of Pt(322) and no
separate band corresponding to COL on (110) steps appears,
only a shoulder can be observed at ca. 2028 cm1. A much
weaker shoulder can be seen from the spectra of Bi modified
Pt(443) (see Fig. 8b), indicating that a small part of COL
adsorbed on Pt adjacent to the (110) step sites is distinguishable
from the COL on terrace sites. Moreover, a marked variation
can be observed from the potential dependence of the main
COL band as a result of Bi step decoration. In this way
continuous oxidation and decreasing coverage of CO leads
to the main COL band for Pt(443) red shift from 2069 cm
1 to
2050 cm1, while the main COL band of Pt(443)–Bi keeps
almost invariant around 2064 cm1 similarly to the case
Pt(322)–Bi. Though it is known that a consequence of the
decrease of CO coverage can result in a red shift of COL band,
the relative lower band frequency and lower oxidation rate of
CO on (110) steps with respect to those on (111) terraces and
their bands’ superposition may provide a better explanation
for the blue shift of the COL band in the present case.
53
The coincidence of the spectra for Bi step decorated Pt(443)
and Pt(322) points out that the remarkable differences with
the spectra recorded on the same electrodes without Bi
modification may originate from the different binding models
of CO with (110) and (100) steps.
Fig. 7 Comparison of in situ IRAS spectra of CO adsorbed on
Pt(322) (a) and Pt(322)–Bi (b) during CO oxidation in a potential
sweep in 0.1 M HClO4; starting potential 0.1 V, sweep rate 2 mV s
1,
reference spectrum was taken at 0.8 V.
Fig. 8 Comparison of in situ IRAS spectra of CO adsorbed on
Pt(443) (a) and Pt(443)–Bi (b) during CO oxidation in a potential
sweep in 0.1 M HClO4; starting potential 0.1 V, sweep rate 2 mV s
1,
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The frequency of the CO absorption band can be related to
the substrate electronic structure (normally affected by the
applied potential, site coordination and composition), CO
coverage and lateral interaction between the CO molecules.
It has been reported that the frequency of the COL band on the
(111) terraces, (110) steps and (100) steps is red-shifted in this
order, presumably due to an enhanced back-donation at the
lower coordinated step sites.16,53 We can see clearly from the
spectra in Fig. 5 that the center of COL band is the same after
the steps were decorated by Bi or Te and it is also the same as
on bare surface. This result demonstrates that Bi or Te step
decoration exerts negligible electronic effects on the terraces.
Moreover, the invariant frequency of COL band in the spectra
of all surfaces, either with or without adatom decoration, and
the apparent variation of band intensities of each CO species
(i.e., after step decoration, in the case of (110) step surface the
intensity of COL band decreases keeping COB(COM) almost
unchanged which is just opposite to what happens for (100)
stepped surface), implies that CO on step sites slightly interacts
with CO on terrace sites. This is especially evident for COB or
COM which are very stiff and immobile. This is reasonable,
since the dominant CO–CO interaction has short range
and will essentially take place only between nearest-neighbour
CO molecules.57 Furthermore the bond orientation of CO
on the steps may be quite different to that on the terraces.
All these may lead to a situation in which the dipole–dipole
coupling between the CO molecules on the steps and those
on terraces would be negligible.16 Incidentally, through
in situ scanning tunneling microscopy (STM) studies,
(22)-3CO, (O19O19)R23.41-13CO and (O7O7)R19.11-
4CO adlayer structures have been observed on Pt(111) surface.49
For these adlayer structures, COB is the main species on
the whole surface which is in apparent disagreement with
the infrared data, that shows the main band at the frequency
of COL. However this result can be successfully explained by
the dipole–dipole coupling and intensity stealing. Through
dipole–dipole coupling the intensity of COB(COM) will trans-
late to the higher frequency COL band.
53 It has been revealed
that there is a transition of COM into COL on (100) steps with
increasing the potential in a potential region in which CO
is stable. On the contrary, for (110) steps the COL band
decreases without changing the COM band intensity.
53
In our work, on bare surfaces the initial CO coverage on
(111) terrace is 0.62, which is close to the case reported in
ref. 49, suggesting a dominant (O19O19) R23.41 -13CO
adlayer structure on the studied surface terraces. After the
CO was oxidized to a lower coverage, part of COB on (100)
steps will change into COL and the residual COB will translate
its intensity to COL through dipole–dipole coupling. A similar
transformation of COB into COL happening as the potential is
increased has been reported for Pt(322)53 and Pt(100)58 at low
CO coverage. These changes may lead to an increase of
the intensity of COL band on (100) steps, while the COL band
on (111) terraces remains unaffected. This does not take place
in the case of the (110) stepped surface, since there is not
a transition of COB to COL. In short, the relative lower
frequency of COL on (100) steps to that on (110) steps and
(111) terraces, the transition of the main species COB on (100)
steps to COL and their dipole–dipole coupling benefit
the splitting of the COL band observed on Pt(322) spectra
during CO oxidation.
4. Conclusions
The surface reactivity of different platinum single crystal step
sites towards CO electrochemical oxidation has been studied
using adatom step decoration. The potential of zero total
charge (pztc) has been determined by typical CO charge
displacement. Step decoration of irreversibly adsorbed Bi or
Te made the pztc shift positively in agreement with previous
reports. Cyclic voltammetric studies demonstrate that step
sites are reactive sites of Pt(111) vicinal surfaces, as evidenced
by the positive shift of the peak potential in CO stripping when
these sites are blocked. More important, the values of CO
coverage on (110) and (100) steps sites were attained for the
first time by comparing the CO stripping with or without step
decoration. The CO coverage is independent on the nature of
the adatom used for the modification and was estimated to be
ca. 0.70 and 0.40 for (110) and (100) step sites, respectively.
This big difference of CO coverage implies that the different
step sites are blocked by different main CO adsorbed species.
It has been confirmed by in situ IRAS studies that COL
dominates the blockage of the (110) step sites while (100) step
sites are occupied mostly by COB species.
Acknowledgements
This work has been financially supported by the Ministerio de
Educación y Ciencia of Spain (Feder) through project
CTQ2006-04071/BQU. QSC acknowledges the fellowship
support of the China Scholarship Council and the support
of NSFC (grant no. 20833005).
References
1 J. Clavilier, R. Faure, G. Guinet and R. Durand, J. Electroanal.
Chem., 1979, 107, 205.
2 J. Clavilier, R. Durand, G. Guinet and R. Faure, J. Electroanal.
Chem., 1981, 127, 281.
3 N. M. Markovic, H. A. Gasteiger and P. N. Ross, J. Phys. Chem.,
1995, 99, 3411.
4 M. D. Macia, J. M. Campina, E. Herrero and J. M. Feliu,
J. Electroanal. Chem., 2004, 564, 141.
5 A. Kuzume, E. Herrero and J. M. Feliu, J. Electroanal. Chem.,
2007, 599, 333.
6 S. G. Sun, J. Clavilier and A. Bewick, J. Electroanal. Chem., 1988,
240, 147.
7 J. Clavilier and S. G. Sun, J. Electroanal. Chem., 1986, 199,
471.
8 J. Solla-Gullon, F. J. Vidal-Iglesias, A. Lopez-Cudero, E. Garnier,
J. M. Feliu and A. Aldaz, Phys. Chem. Chem. Phys., 2008, 10,
3689.
9 J. Solla-Gullon, P. Rodriguez, E. Herrero, A. Aldaz and
J. M. Feliu, Phys. Chem. Chem. Phys., 2008, 10, 1359.
10 N. Tian, Z. Y. Zhou, S. G. Sun, Y. Ding and Z. L. Wang, Science,
2007, 316, 732.
11 Z. Y. Zhou, N. Tian, Z. Z. Huang, D. J. Chen and S. G. Sun,
Faraday Discuss., 2009, 140, 81.
12 N. Tian, Z. Y. Zhou and S. G. Sun, J. Phys. Chem. C, 2008, 112,
19801.
13 R. Parsons and T. VanderNoot, J. Electroanal. Chem., 1988,
257, 9.
14 T. Iwasita, F. C. Nart, B. Lopez and W. Vielstich, Electrochim.
































































11416 Phys. Chem. Chem. Phys., 2010, 12, 11407–11416 This journal is c the Owner Societies 2010
15 J. Solla-Gullon, V. Montiel, A. Aldaz and J. Clavilier,
J. Electrochem. Soc., 2003, 150, E104.
16 P. Hollins, Surf. Sci. Rep., 1992, 16, 51.
17 Q. S. Chen, S. G. Sun, Z. Y. Zhou, Y. X. Chen and S. B. Deng,
Phys. Chem. Chem. Phys., 2008, 10, 3645.
18 V. Climent, R. Gomez, J. M. Orts, A. Aldaz and J. M. Feliu, in
Proceedings of the Electrochemical Society, ed. C. Korzeniewski
and B. E. Conway, The Electrochemical Society, Pennington, NJ,
1997, vol. 97-17, p. 222.
19 R. Gomez, J. M. Feliu, A. Aldaz and M. J. Weaver, Surf. Sci.,
1998, 410, 48.
20 V. Climent, R. Gomez and J. M. Feliu, Electrochim. Acta, 1999,
45, 629.
21 R. Gomez, V. Climent, J. M. Feliu and M. J. Weaver, J. Phys.
Chem. B, 2000, 104, 597.
22 B. Alvarez, V. Climent, J. M. Feliu and A. Aldaz, Electrochem.
Commun., 2000, 2, 427.
23 K. Domke, E. Herrero, A. Rodes and J. M. Feliu, J. Electroanal.
Chem., 2003, 552, 115.
24 K. J. J. Mayrhofer, B. B. Blizanac, M. Arenz, V. R. Stamenkovic,
P. N. Ross and N. M. Markovic, J. Phys. Chem. B, 2005, 109,
14433.
25 V. Climent, N. Garcia-Araez, E. Herrero and J. M. Feliu, Russ. J.
Electrochem., 2006, 42, 1145.
26 J. Clavilier, A. Fernandez-Vega, J. M. Feliu and A. Aldaz,
J. Electroanal. Chem., 1989, 258, 89.
27 S. P. E. Smith, K. F. Ben-Dor and H. D. Abruna, Langmuir, 1999,
15, 7325.
28 M. C. Figueiredo, J. Souza-Garcia, V. Climent and J. M. Feliu,
Electrochem. Commun., 2009, 11, 1760.
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